Both the short-term ageing ("in construction") and long-term ageing ("in service") of the bituminous binder are important factors in the performance of bituminous materials. Short-term ageing can be adequately simulated with the RTFOT method, which has been standardized at the European level. For long-term ageing, BRRC has developed -as an alternative to the less well accepted PAV test -the RCAT (Rotating Cylinder Ageing Test) method, which has aroused much interest over the past few years. In the marketed version of the RCAT apparatus, provision has been made to simulate the two types of ageing. To establish equivalence between ageing times, a systematic comparison between RTFOT and RCAT tests both conducted at 163 °C was made with several bituminous binders. The measurements of penetration and ring-and-ball temperature as well as the infrared spectra of the binders have shown that 210-240 min of RCAT ageing approximately correspond to 75 min of RTFOT ageing. As a result, the RCAT apparatus appears to be a very practical device with many possibilities for short-and/or long-term ageing tests on normal or modified binders or even on mastics.
Introduction
The short-term ageing ("in construction") and long-term ageing ("in service") of the bituminous binder are two important factors in the performance of bituminous materials. The RTFOT method, which has now been standardized at the European level [1] , adequately simulates short-term ageing. On the other hand, the PAV method used for long-term ageing has been subject to many reservations in several European countries; nor does it appear to give entire satisfaction in the USA. As an alternative, BRRC has developed the RCAT (Rotating Cylinder Ageing Test -test temperature between 70 and 95 °C, cylinder rotation rate of 1 rv/min, an oxygen inflow rate of 4.5 ± 0.5 L/h, various durations), which has aroused much interest over the past few years [2] . A kinetic approach to ageing has been developed as well [3] . In the marketed version of the RCAT apparatus, provision has been made to simulate the two types of ageing. This obviates a number of disadvantages of the other two methods: only one device is needed, a sufficient amount (± 400-450 g) of homogeneous binder is recovered for subsequent testing, and there are no multiple or useless handling and heating operations (long-term ageing can be simulated almost immediately after short-term ageing).
The comparison between RTFOT at 163 °C and RCAT at 163 °C ("RCAT163") involved various bituminous binders. The conditions adopted for the RCAT163 test were very similar to those of the RTFOT: a temperature of 163 ± 1 °C (adjustable to within ± 0.5 °C), a cylinder rotation rate of 5.0 ± 0.2 rv/min, an air inflow rate of 4 ± 0.2 L/min, and a sample size of 500-550 g. The comparison included the measured values of penetration and ring-and-ball temperature as well as the infrared spectra (on 75-g/L solutions in tetrachloroethylene) of the binders.
IR spectrophotometry is, generally speaking, a qualitative technique.
To draw any semiquantitative information from it, the spectra recorded must be processed. For the purpose of our investigation, the spectra were normalized by considering an absorption peak at 1462 cm -1 (absorption set at A = 1.2) and 100 % transmission at 1885 cm -1 (absorption set at zero). The most interesting part of the infrared spectrum lies between 600 and 2000 cm -1 . It is in this range that the ageing of the binder induces the greatest modifications, that is, an increase in the absorption bands at ± 1700 cm -1 (carbonyl functions) and ± 1030 cm -1 (sulphoxide function) and also in the total area of the spectrum. The semiquantitative data obtained should be interpreted with caution, as variations in absorbance between individual bands or peaks resulting from short-term ageing are relatively small (0.010 to 0.030) and the repeatability of absorbance measurements seems to range between 0.003 and 0.005 (depending on the place and the shape of the absorption peak). The results (A1700 and A1030) are, therefore, given for information purposes only. An interesting alternative is to consider the total area of the absorption spectrum between 1885 and 946 cm -1 (which increases gradually with ageing), as it integrates almost all the modifications of the binder and its IR spectrum over this range.
Comparison between RTFOT and RCAT163
Two procedures were used to estimate the time (t eq ) required in the RCAT163 test to age the binder to a stage equivalent to that achieved in the RTFOT: taking small portions of the sample at various intervals (figure 1), and performing a test for a fixed duration of 210 min. This duration was chosen after the first comparisons were evaluated (involving binders M244A, C50 and C51).
The results are reviewed in table I. To estimate the equivalent time t eq , use was made of the following kinetic equation, which fits the experimental data points well:
where:
St and So = a characteristic S at the times t=t and t=0, respectively K= overall reaction constant (RCAT163 test) t = reaction time at 163 °C.
By introducing the St value from the RTFOT test into this equation, the t eq time can be derived for characteristic S (penetration, R&B, infrared). During RCAT163 ageing, binder penetration exhibits a linear trend with reaction time ( fig. 1) . At a lower temperature (< 100 °C) as adopted in simulating long-term ageing, the kinetic equation (equation 2) is different and the linear function for penetration becomes (1/log pen) t = f(t 1/2 ). Various aspects of the kinetic approach to the simulation of long-term ageing using the RCAT device are discussed in references 3 to 5.
When interpreting and comparing the t eq values reported in table I, allowance should be made for possible variations depending on the accuracy achieved in determining a given characteristic. A one-point error in measuring binder penetration during or after RCAT163 and RTFOT testing may, at worst, result in a variation of ± 13 min on t eq (for penetration values of the order of 50 mm/10). For R&B temperature, an error of 0.5 °C in each test leads to a possible variation of ± 60 min. For infrared absorption, an error of 0.003 to 0.005 in each test induces a possible variation of more than 100 min.
Averaged over all tests, the equivalent ageing times t eq are 221 ± 29 min, 230 ± 39 min and 245 ± 30 min for penetration, R&B temperature and the integrated area of the infrared spectrum between 946 et 1885 cm -1 , respectively.
The mean value for the technical characteristics (pen and R&B) per binder ranges from 167 to 252 min, with a general average of about 226 ± 29 min. When including the results for infrared spectrum area, the mean value per binder ranges between 195 and 266 min, with a general average of about 232 ± 23 min.
From these figures it does not appear a priori that time equivalence is a constant: it seems to depend among other things on the binder being tested. Most values, however, remain within the range from 200 to 260 min. Especially in the case of binder C50, the results for the technological characteristics seem to stand a bit out from those obtained with the other binders. When discarding binder C50, the mean values become 228 ± 22 min and 241 ± 28 min for penetration and R&B temperature, respectively, with a general average of 234 ± 18 min.
In view of the aggregate results obtained, it may, therefore, be suggested to set the duration of an RCAT163 test at 235 ± 5 min to produce a short-term ageing equivalent to that achieved in the RTFOT.
The ageing of mastics in the RCAT apparatus
Tests involving the two ageing processes in succession have been until now performed on two mastics -one with porphyry filler PHC86, the other with limestone filler PHC88. These two fillers may be considered as representing two opposite natures of mineral (acidic and basic). Nature of mineral and in particular of the filler may influence the ageing behaviour of bituminous binders. The reported tests on mastics were a first attempt to show this possibility. The mastics were composed with 30 % of filler by volume, which is about 50 % by mass.
The mastics were prepared at 150 °C directly in the cylinder of the RCAT device, the opening of which was plugged with a stopper with a small central hole. The cylinder and the materials were preheated to 150 ± 5 °C and rotated for 20 min at the rate of 1 rv/min. After a first portion had been taken from the sample, the temperature of the RCAT apparatus containing the cylinder was increased to 163 °C and, after 30 min had been allowed for the temperature to stabilize at this value, the short-term ageing test RCAT163 was then started for a duration of 210 min (the old value still being applied). A second portion of the sample was taken at the end of this first test. The cylinder was then removed from the RCAT device, to allow it to cool with its contents to ± 90 °C. The device itself was thermostatically controlled at 90 °C. When the temperature of the contents of the cylinder had dropped to between 90 and 95 °C (after about 1 h 15 to 1 h 30), the cylinder was replaced in the RCAT apparatus. After time (1 h) had been allowed for stabilization, the long-term ageing test was started. Sample portions were taken after 24, 48 and 144 h.
In view of the prior RCAT163 ageing, the following general equation developed for bituminous binders [3, 5] was used in the kinetic approach to the long-term ageing of the mastics:
where: St, So, K have the same meaning as in equation (1), t = reaction time at 90 °C, t o = fictitious time required to age the mastic at 90 °C to the same stage as that achieved after the RCAT163 test. The aggregate results obtained can be commented as follows: -the porphyry filler elevates the R&B temperature of the mastic a little more than the limestone filler (11.7 °C, as opposed to 10.1°C). The decrease in penetration is, accordingly, slightly greater (45 and 38 mm/10). The increase in consistency induced by the filler is as could be expected from the voids contents by Rigden's method; -the t o values are in the main slightly higher with the porphyry filler, which seems to indicate a slightly greater proneness to short-term ageing for the mastic prepared with this filler; -likewise, the ratios between the reaction constants K 1/2 at 90 °C generally suggest a slightly (a little less than 10 %) greater susceptibility to long-term ageing for the mastic with porphyry filler; -interpretating results from infrared tests while considering the integrated area of the IR spectrum seems to raise some problems in the case of mastics. It may be observed in this respect that the ratio of reaction constants is the highest of all the ratios reported in table II. The problems encountered may originate in specific interactions between certain constituents present or generated during ageing and the filler; these interactions would then depend on the nature of the filler. The area of the IR spectrum at t=0 for the mastic with porphyry filler is lower than the area for the original bitumen and than the area for the mastic with limestone filler. Anyway, the difference in IR spectrum area between the two types of mastic is not very marked.
Conclusions
The results presented in this paper lead to the following important conclusions or findings:
1. With the RCAT apparatus it is possible to perform an RTFOT-like test while adopting more or less the same experimental conditions. To achieve similar ageing as in the RTFOT, the duration of the test must, however, be extended to 235 ± 5 min. This is an average value that seems to suit different bituminous binders -both pure bitumens and polymer-modified bitumens (PmBs). 2. Running the two tests -short-term ageing and long-term ageing -in succession in the RCAT device is perfectly possible and allows a great reduction in the number of handling operations that are useless and/or detrimental to the repeatability of determinations. The amount of aged binder recovered after the test is about 400 g, which is enough for substantial subsequent characterization testing. 3. The ageing of mastics with a filler content of up to 30 % by volume (that is, ± 50 % by mass) does not raise any major problems. The same RCAT unit can be used to prepare the mastic and perform the two types of ageing. 4. Porphyry filler seems to render the investigated type of mastic slightly more susceptible to both short-and long-term ageing than does limestone filler.
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